Ageing is thought to impact multisensory integration, but the underlying computational mechanisms are poorly understood. Signals that come from a common source should be integrated, weighted by their reliability; those that do not share a source should be segregated.
Introduction
Throughout our lifetime we are continually exposed to a barrage of sensory signals. Our ability to navigate through and interact with the world relies on an accurate interpretation of this multisensory information. To quickly orient towards and identify a threat, for instance, we may rely on both the sound it makes and its appearance: what creature made that growl, where is it, and is it moving towards me? Previous research has demonstrated differences between younger and older adults in their responses to multisensory stimuli. For example, older adults have been shown to respond differently to multisensory perceptual illusions such as the sound-induced flash illusion (DeLoss et al., 2013; McGovern et al., 2014; Setti et al., 2011 ) and the McGurk-MacDonald effect (Sekiyama et al., 2014; Setti et al., 2013) . Further, race-model analyses of reaction times have suggested that older adults may benefit more from congruent, redundant multisensory stimuli (Laurienti et al., 2006; Mahoney et al., 2011) . The mechanisms underlying these changes in multisensory perception are unclear; they may be driven in part by age-related changes in sensory reliability (Lindenberger & Baltes, 1994; Salthouse et al., 1996) or higher cognitive functions such as selective attention or executive functions (Turner & Spreng, 2012) .
To understand how ageing impacts human behaviour in a multisensory world, we thus need to analyse human behaviour from a computational perspective. Critically, there are two computational problems the brain must solve when integrating sensory signals. First, it must decide whether signals are produced by the same object or event (i.e. share a common source) and should therefore be integrated, or whether they originate from different sources and should be processed separately (segregated). Second, if signals originate from a common source, the brain should integrate them weighted in proportion to their relative reliabilities to obtain the most reliable (i.e. least variable) percept (Alais & Burr, 2004; Ernst & Banks, 2002; Fetsch et al., 2012; Helbig et al., 2012; Rohe & Noppeney, 2018) . Thus, statistically optimal integration is dependent on the observer's ability to accurately estimate the reliability of each piece of information.
Hierarchical Bayesian Causal Inference (BCI) is a normative model that describes how the brain should solve these two computational problems. Bayesian Causal Inference explicitly models the potential causal structures that could have generated the sensory signals, i.e. whether 4 the signals originated from common or separate sources. If signals emanate from a common source they are integrated, weighted in proportion to their relative sensory reliabilities; if they come from independent sources, they are treated independently. To account for observers' uncertainty about the world's causal structure, a final estimate (e.g. object's location) is obtained by combining the estimates under the two causal structures (i.e. common vs. independent sources) according to some decision function (e.g. model averaging or model selection; Wozny et al., 2010) . Accumulating evidence from psychophysics suggests that Bayesian Causal Inference accounts well for how human observers integrate and segregate sensory signals in the face of uncertainty about the world's causal structure (Koerding et al., 2007; Rohe & Noppeney, 2015a , 2015b Wozny et al., 2010) .
Given this computational framework, ageing may impact multisensory integration at several levels:
First, ageing may reduce the precision of the sensory representations as a result of changes in the peripheral sensory organs (e.g. presbycusis; Gates & Mills, 2005) or central neural processing (Li & Lindenberger, 2002; Salthouse et al., 1996) . For instance, older adults have been shown to be less precise when locating sounds, especially in terms of elevation (Dobreva et al., 2011; Otte et al., 2013) . Changes in sensory precision or reliability (represented by the variance parameters in the BCI model) will alter the sensory weights during the integration process, leading to changes in crossmodal bias (e.g. the influence of a displaced visual signal on an observer's perceived sound location).
Second, ageing may impair an observer's ability to focus selectively on signals in one sensory modality and ignore signals coming from irrelevant sources in other sensory modalities.
Previous research has shown age-related impairments in the ability to focus selectively on task-relevant information in the context of irrelevant distractors, both within (Bugg et al., 2007) and between (Guerreiro & Van Gerven, 2011; Mevorach et al., 2016; Poliakoff et al., 2006) sensory modalities. From the perspective of Bayesian Causal Inference, impairments in selective attention and executive functions may lead to a stronger prior binding tendency (represented by the causal prior parameter in the BCI model), which in turn impacts the arbitration between sensory integration and segregation and the size of the binding window. In the temporal domain, 5 previous research has indeed shown a larger temporal binding window in older relative to younger adults (Diederich et al., 2008; McGovern et al., 2014) .
Third, age-related changes in multisensory integration might also result from how, and for how long, observers of different ages accumulate information before reacting. Current models of hierarchical Bayesian Causal Inference make predictions only for response choices, but not for response times. They thus ignore the temporal dynamics and urgency of making a response. The real world is not so forgiving: one has limited time to react appropriately to a growling animal. To account for these additional temporal constraints we need a dynamic model that allows observers to accumulate multisensory information over time until a decisional threshold is reached and a response elicited. This extra consideration has a significant impact on the definition of optimal multisensory integration: we need to trade off response accuracy against speed and decide when sufficient evidence has been collected for us to respond effectively, a process which may change with age. Previous research in the unisensory domain has demonstrated that older adults use a different speed-accuracy trade-off (Smith & Brewer, 1995; Starns and Ratcliff, 2010) , and accumulate evidence less efficiently for longer (Madden & Allen, 1995) .
Fourth, ageing may not only influence computational parameters such as the sensory variance or causal prior in Bayesian Causal Inference, but even alter the computational principles that govern multisensory integration. For example, older adults may assign weights to sensory signals that are not in proportion to their reliabilities or perhaps no longer integrate at all, relying exclusively on one signal (see e.g. Gori et al., 2008 for similar results in children). In these cases, ageing would lead to behaviour that is no longer consistent with Bayesian Causal Inference and related models.
Combining psychophysics with Bayesian modelling, this study characterised how ageing affects the computational operations governing audiovisual integration for spatial localisation.
First, we assessed i. observers' motor speed, ii. the reliability of their auditory and visual spatial representations, and iii. their executive functions / selective attention.
Second, we investigated how younger and older adults arbitrate between sensory integration and segregation for spatial localisation in an unspeeded spatial ventriloquist paradigm.
Observers were presented with audiovisual signals that were synchronous but differed in their 6 spatial disparity across trials. They either judged whether audiovisual signals came from a common source (explicit causal inference) or located the auditory signals (implicit causal inference; Acerbi et al., 2018; .
Third, we investigated how younger and older observers integrate audiovisual signals for spatial localisation under time pressure in a simplified speeded ventriloquist paradigm. In standard analyses based on the general linear model we characterised observers' multisensory integration behaviour in terms of accuracy, crossmodal bias, or spatial integration window.
Moreover, we fitted the Bayesian Causal Inference (for the unspeeded task) and compatibility bias (for the speeded task) models to observers' responses to formally assess whether ageing affects the computational principles or model parameters. 
Participants
Twenty-four healthy older and twenty-three younger adults were recruited to the study from a database of participants maintained by the University of Birmingham's School of Psychology. We were unable to contact one older adult following his initial screening session, and a further three were later excluded from analysis: failure to meet inclusion criteria for any one task of the test battery resulted in exclusion from all analyses (see Supplementary Table 1 ). Three younger adults were also excluded. Therefore, 20 healthy older adults (six male, mean age = 72.4, SD = 5.2) and 20 younger controls (eight male, mean age = 19.1, SD = 0.9; three exclusions) were included in the study. All reported normal hearing and normal or corrected-to-normal vision.
Older participants were also screened using the Montreal Cognitive Assessment; none scored below 25.
Participants gave informed consent prior to the commencement of testing, and were compensated in cash or research credits for their time. The research was approved by the University of Birmingham Ethical Review Committee.
Experimental Setup
Participants were seated at a chin rest 130 cm from a sound-transparent projector screen.
Behind the screen, at the vertical centre, a shelf held an array of nine studio monitors (Fostex PM04n) spaced horizontally by 7° of visual angle, including a speaker in the middle of the screen.
Auditory stimuli were presented via these speakers at approximately 75 dB SPL. The locations of the speakers were not known to participants. Images were displayed using a BENQ MP782ST multimedia projector at a total resolution of 1280 x 800. All stimuli were presented using The Psychophysics Toolbox 3 (Kleiner, Brainard, & Pelli, 2007) in MATLAB R2010b running on a Windows 7 PC.
Responses were made using a two-button response pad or optical mouse, and in all cases this was effectively self-speeded; the next trial would not begin until a valid response was made.
However, for the cued Eriksen flanker and speeded ventriloquist tasks it was emphasised to participants that they should respond as quickly and as accurately as possible.
Stimuli
In all but the Eriksen flanker paradigm, visual stimuli consisted of a 50 ms flash of 15 white (88 cd/m²) dots, each 0.44° of visual angle in diameter, against a dark grey (4 cd/m²) background. Dot locations were sampled from a bivariate Gaussian distribution, with a constant vertical standard deviation of 5.4°. The horizontal standard deviation of this dot cloud was varied to manipulate the reliability of spatial information, with a wider cloud (expressed in degrees of visual angle) resulting in less reliable stimuli . We define the horizontal standard deviations below for each experiment.
The auditory stimulus was a burst of white noise (duration: 50 ms) played from one speaker in the array in synchrony with the visual stimulus. Sounds were generated individually for each trial and ramped on/off over 5ms. Across all tasks participants fixated a central cross (0.22° radius) that was constantly presented throughout the entire experiment.
Experimental design, procedure and analysis
Participants completed a series of seven experiments. First, we assessed motor function (i.e. motor speed), reliability of unisensory spatial representations (i.e. sensory variance), and executive functions/selective attention. Second, using a spatial ventriloquist paradigm we investigated integration of audiovisual spatial signals in explicit (i.e. common source judgement) and implicit (i.e. spatial localisation) causal inference tasks in a non-speeded fashion that emphasised response accuracy. Third, we assessed audiovisual integration for spatial localisation under time pressure in a speeded simplified ventriloquist paradigm. All experiments included a short practice session prior to the first full block of trials.
Dependent variables (response accuracy, time etc.) were entered into general linear model based analyses (t-tests and mixed-effects ANOVAs as specified in the results section). For consistency across experiments and analyses, we report all effect sizes as eta-squared (η²), or partial eta-squared (η² p ) in the case of ANOVAs. P-values are reported Greenhouse-Geisser corrected for sphericity violations where required, and Welch's t-test was used in cases of unequal variances.
Finger tapping -motor speed
This task was used to assess participants' motor speed. Participants were instructed to ball their hand into a fist, extending their index finger, and to repeatedly tap a key as quickly as possible for 20 seconds. An on-screen progress bar and countdown provided feedback on performance and time remaining. The task was repeated four times (twice per hand, not including a preceding 10-second practice with each hand).
Unisensory auditory and visual left/right discrimination
Participants' spatial hearing performance (i.e. bias and reliability/variance of auditory spatial representations) was measured using a forced left/right spatial discrimination task. 
Unisensory auditory and visual spatial localisation -continuous responses
Participants' ability to freely localise auditory stimuli was assessed using a unisensory mouse localisation paradigm. On each trial, individual auditory stimuli were presented randomly from one of five locations (-14°, -7°, 0°, 7°, or 14°). After a 500ms post-stimulus delay a mouse-controlled cursor (white, subtending 9° in height and 0.5° wide) whose movement was constrained to the horizontal plane was presented. Participants reported the perceived sound location as accurately as possible in an unspeeded fashion by moving this cursor and clicking with the mouse button. The next trial was started one second after observers had indicated their perceived auditory location.
Localisation of visual stimuli was assessed using a similar paradigm. Visual stimuli were randomly presented at one of five locations (-14°, -7°, 0°, 7°, or 14°) with one of three spatial reliability levels (horizontal SD of 2°, 6° or 16°). A fourth level of visual reliability was excluded from the analysis because the dots were erroneously sampled. After a 500ms post-stimulus delay a mouse-controlled cursor (white, subtending 9° in height and 0.5° wide) whose movement was constrained to the horizontal plane was presented. Participants reported the perceived centre of the visual stimulus as accurately as possible in an unspeeded fashion by moving this cursor and clicking with the mouse button.
Cued Eriksen flanker
A replication of a design conceived by Callejas et al. (2004) , based on Fan et al.'s (2002) attentional network task, the cued flanker paradigm assessed three components of attention:
alerting, orienting, and executive function. This speeded task conformed to a 2 (cueing sound present/absent) x 3 (orienting stimulus congruent/incongruent/absent) x 2 (flankers congruent/incongruent) design. The cueing sound was a 2000 Hz beep of 50 ms duration, and was present on half of the trials to manipulate alertness. On two thirds of the trials, this was followed (after a 400ms delay) by an orienting stimulus: an asterisk, 1.5° either above or below fixation, 
Unspeeded ventriloquist paradigm -sound localisation (implicit causal inference)
In a spatial ventriloquist paradigm, auditory and visual stimuli were presented synchronously at either the same or different locations. In an auditory selective attention task, observers reported the location of the sound. On each trial auditory and visual stimuli were independently sampled from five locations (-14°, -7°, 0, 7, or 14°) , and could therefore be 11 spatially congruent or incongruent with varying levels of disparity (0°, 7°, 14° , 21°, or 28°).
Visual stimuli had three levels of reliability (horizontal SD of 2°, 6° or 16°) (n.b. a fourth level of visual reliability was excluded from the analysis because the dots were erroneously sampled). The paradigm thus conformed to a 5 (A locations) x 5 (V locations) x 3 (V reliabilities) factorial design.
After a 500ms post-stimulus delay participants reported the perceived sound location as accurately as possible in an unspeeded fashion by moving a mouse-controlled cursor (white, subtending 9° in height and 0.5° wide) whose movement was constrained to the horizontal plane.
The next trial was started one second after observers clicked the mouse button. Trials were presented pseudorandomly in 200-trial blocks. In total, participants completed 600 trials = 8 (repetitions) x 5 (A locations) x 5 (V locations) x 3 (V reliabilities).
Unspeeded ventriloquist paradigm -common-source judgement (explicit causal inference)
This experimental paradigm conformed again to a 5 (A locations) x 5 (V locations) x 3 (visual reliabilities) factorial design, using the stimulus combinations described above (5).
However, in this case participants explicitly judged whether or not auditory and visual signals originated from the same location (i.e. common-source judgement). 500ms after the presentation of the flash and beep, the words "same" and "different" appeared respectively above and below the fixation cross. Participants indicated with a button press whether the sound and flash were generated by a common event. In total, participants completed 600 trials = 8 (repetitions) x 5 (A locations) x 5 (V locations) x 3 (V locations), delivered in three blocks of 200 trials.
Speeded ventriloquist paradigm -auditory and visual left/right discrimination (implicit causal inference)
To assess the impact of audiovisual spatial congruence on spatial localisation (i.e. response choices) and reaction times we used a simpler, speeded 2 (auditory location: left vs. right) x 2 (visual location: left vs. right) x 2 (relevant and reported sensory modality: auditory vs. visual) ventriloquist paradigm. On each trial, a visual stimulus with horizontal SD = 5.4° was displayed simultaneously with a burst of white noise. The centre of the visual cloud and the white noise were presented at 14° either left or right of a central fixation cross. These audiovisual stimuli were spatially congruent on half of the trials, and incongruent on the other half. In an auditory or visual selective attention paradigm, participants indicated either the location of the sound (respond-auditory task) or the centre of the cloud (respond-visual task) as quickly and accurately as possible via a two-choice key press, while ignoring the other modality. The tasks were performed in two blocks of 160 trials. The order of these tasks was counterbalanced between participants. In total the experiment included 320 trials: 40 (repetitions) x 2 (visual location) x 2 (auditory location) x 2 (reported sensory modality).
Computational modelling
In addition to the standard general linear model (GLM) analyses described above, we also analysed participants' behaviour in the unspeeded (sections 2.4.5 and 2.4.6) and speeded (section 2.4.7) ventriloquist paradigms using Bayesian Causal Inference and the compatibility bias model respectively (see supplementary methods for details about model implementation and estimation).
Bayesian Causal Inference model for unspeeded ventriloquist paradigms
The Bayesian Causal Inference model ( Figure 1A ) explicitly models whether two sensory signals come from common or independent sources. Under the assumption of a common source, the sensory estimates (e.g. location) are combined, weighted according to their reliabilities. Under the hypothesis of independent sources, the signals are treated independently. The brain infers the causal structure (i.e. common or independent sources) from the sensory inputs and computes a final (e.g. spatial) estimate by averaging the estimates from the two causal structures weighted by their posterior probabilities. The Bayesian Causal Inference model included the causal prior p common , the spatial prior standard deviation σ P , the auditory standard deviation σ A , and three visual standard deviations σ V1, σ V2, σ V3 corresponding to the three visual reliability levels, as free parameters. These were fit jointly to localisation and common source judgments of the non-speeded ventriloquist paradigm, individually for each observer.
Bayesian compatibility bias model for speeded ventriloquist paradigm
In the speeded ventriloquist paradigm observers were asked to make left/right spatial discrimination responses as accurately and fast as possible. To account for these temporal constraints, we adapted the "compatibility bias" model that models the within-trial dynamics of audiovisual evidence accumulation leading to predictions for both response choice and response 13 times (Yu et al., 2009) . The compatibility bias model assumes that the visual and auditory sources can either be spatially congruent (both left or both right) or incongruent (e.g. visual source left and auditory source right). During the course of each auditory report trial, observers accumulate evidence concomitantly about (i) the 'true' (i.e. congruent or incongruent) relationship of the auditory and visual signals and (ii) the spatial location of the auditory source. The interference of spatially incongruent visual information should then be particularly pronounced at trial onset. The accumulation process is terminated when the evidence about the auditory spatial location reaches a decisional threshold and a left/right spatial discrimination response is made. In total the model has five free parameters: the compatibility prior (i.e. prior probability of audiovisual signals coming from a common cause) β; the standard deviation of the auditory and visual signals, σ A and σ V respectively; the response threshold q; and a non-decision-time parameter t nd . These were fit jointly to response times and final auditory spatial discrimination responses in the speeded ventriloquist paradigm, individually for each observer. 
Comparison of model parameters between younger and older adults
To investigate whether any of the parameters of these two Bayesian models were significantly different between older and younger adults the fitted parameters were entered into separate non-parametric Mann-Whitney U tests. We also calculated Bayes factors using the Bayesian Mann-Whitney test as implemented in JASP (JASP Team, 2018; van Doorn et al., 2018) using the default Cauchy prior (scale = 0.707). In this case, Bayes factors (BF 10 ) represent the probability ratio of the alternative (Hypothesis 1) relative to the null hypothesis (Hypothesis 0). A Bayes factor of > 3 is considered positive evidence for the alternative hypothesis.
Results
In the following we focus on the statistically significant results across the different tasks, as well as effects related to aging. The statistics of all significant and non-significant effects are comprehensively summarised in supplementary tables S2-S7.
Finger tapping -motor speed
The effect of age on motor speed was measured using a speeded finger-tapping task. We analysed the data in terms of the mean time between finger taps in seconds. A two-sample 
Unisensory auditory and visual left/right discrimination
Participants' auditory and visual spatial reliability (or precision) and left/right bias were assessed using unisensory left/right discrimination tasks. For each participant and stimulus type, we used the Palamedes toolbox for MATLAB (Prins & Kingdom, 2009 ) to calculate the just-noticeable difference (JND at the at the 84% level; Ernst, 2006) and point of subjective equality (PSE) of cumulative Gaussians fitted to the proportion of "perceived right" responses as a function of true stimulus location. The threshold α and slope β of these functions were allowed to vary freely, while the lapse parameters γ and λ were constrained to fall between 0 and 0.05 (Wichmann & Hill, 2001) .
Results are summarised in Figure 2 (top row). In general, older and younger adults were closely matched on these tasks. For auditory spatial discrimination, an independent-samples t-test revealed no significant effect of age on JND values, and a Welch's t-test showed only a marginally significant effect on PSE values with a stronger bias towards responding "right" for older adults.
For visual discrimination, a 2 (age) x 2 (reliability) mixed ANOVA of JND values revealed a strong main effect of spatial reliability, as expected, but no main effect of age or age x reliability interaction. A similar mixed ANOVA of PSE values revealed no significant main effects of age or reliability, nor any interaction. See Supplementary Table S2 for full details.
Unisensory auditory and visual spatial localisation -continuous responses
Unisensory spatial localisation was assessed using mouse-cursor localisation tasks. We The age groups also performed similarly at these tasks (Figure 1, bottom row) . For auditory localisation, t-tests on RMSE values (as an index for response reliability) and intercept values (as a measure of left/right bias) revealed no significant differences between age groups.
However, older adults did show significantly smaller slope parameters, indicating a stronger central bias.
Younger and older adults were similarly matched at visual localisation: 2 (age) x 2 (reliability) mixed ANOVAs of RMSE, intercept, and slope values showed no significant effects of age. We only observed a significant main effect of spatial reliability for all three parameters: participants' responses were less reliable (RMSE), had a stronger rightward bias (intercept), and showed a weaker central bias (slope) as the visual stimulus decreased in reliability (larger horizontal SD). None of these were found to interact with age. See Supplementary Table S3 
Cued Eriksen flanker
The cued Eriksen flanker task aimed to assess age differences in three attentional networks: alerting, orienting, and executive function. Results are summarised in Figure 3 . A 2 (age) x 2 (cueing sound present/absent) x 3 (orienting stimulus congruent/incongruent/absent) x 2 (flankers congruent/incongruent) mixed ANOVA of median response times revealed a main effect of age: older participants were significantly slower than the younger age group. We also observed significant main effects of beep cue (alerting), spatial cue (orienting), and flanker congruence (executive function) on RTs, but these did not interact with age or with each other. Accuracy in this task was defined as the proportion of left/right responses that were consistent with the direction of the target arrow. Main effects of age and flanker congruence in a mixed ANOVA of accuracy scores revealed that older adults were significantly more accurate overall, and that accuracy was lower in trials with incongruent flankers. We also observed a significant interaction between age and congruency: older adults showed a stronger effect of congruency than younger adults. No other main effects or interactions were significant. See Supplementary Table S4 for further details. 
Unspeeded ventriloquist paradigm -sound localisation (implicit causal inference)
In order to quantify the effect of a simultaneous visual stimulus on the perceived location of a sound ( Figure 4A ), we analysed the reported sound location in terms of the relative crossmodal bias (CMB). This is defined as the distance between the actual and the responded location, scaled by the size of the audiovisual spatial disparity,
. A 2 (age) x 4 (conflict size [pooled over direction]) x 3 (visual reliability) mixed ANOVA showed that age had no main effect on crossmodal bias, nor did it interact with any other factors. As anticipated, we observed a significant main effect of conflict size and visual reliability: the crossmodal bias was greater at smaller audiovisual conflict sizes and for more reliable visual stimuli. These factors also significantly interacted. In sum, the crossmodal bias or ventriloquist effect followed an expected pattern, but did not differ between age groups.
Aside from a main effect of age, response times did not differ significantly between conditions. This is unsurprising, as mouse movements are far more variable (and take much longer) than button presses, so any small effects of condition are likely to be lost. See Supplementary Table S5 for full details.
Unspeeded ventriloquist paradigm -common-source judgement (explicit causal inference)
Common-source judgements provide an explicit measure of participants' tendency to integrate or segregate audiovisual stimuli under various conditions. Responses are analysed in terms of the proportion of "same source" responses in each condition ( Figure 4C ). The 2 (age) x 5 (conflict size) x 3 (reliability) mixed ANOVA on these values revealed no main effect of, or interaction with, age. As expected, the proportion of same-source responses was significantly higher when the auditory and visual stimuli were closer together and when visual stimuli were more reliable. These factors also interacted, suggesting audiovisual disparity was a more informative cue to integration when stimulus reliability was higher.
Age had no significant effect on any parameter of the Gaussians fitted to the above responses. The height parameter was significantly affected by the reliability of the stimuli, but the mean and width were not.
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Reaction times in this common-source judgement task do reveal several age-related effects. A main effect of age in the mixed ANOVA of reaction times confirmed that older adults were slower overall. Furthermore, age interacted significantly with visual reliability and audiovisual disparity, and the three-way interaction was also significant. Main effects of reliability and disparity were also apparent, as was the interaction between these.
In summary, ageing did not influence observer's explicit causal inference in terms of response choices (i.e. "same source" responses). However, ageing influenced observers' response times interactively with visual reliability and audiovisual disparity. See Supplementary Table S6 for further details.
Bayesian Causal Inference model -Unspeeded ventriloquist paradigms
The Bayesian Causal Inference model was fitted jointly to auditory localisation and common-source judgement responses individually for each participant. Table 1 summarises the parameters of these fits, including nonparametric significance tests of group differences and corresponding Bayes factors. In agreement with the GLM-based analyses above, there was no evidence of a between-group difference for any of the fitted parameters. In particular, we observed no significant differences across groups for the causal prior as an index for observer's integration and segregation tendency, or their auditory or visual variances (σ A , σ V1-V3 ).
Collectively, these results suggest that older and younger observers arbitrate between integration and segregation similarly and weight signals in proportion to their relative uncertainties.
Moreover, ageing does not significantly affect the sensory reliability of auditory or visual representations in our older group. Note. Bayesian Causal Inference parameters (across-participants mean, SD) for younger and older participants. Mann-Whitney U tests with Bayes factors comparing the BCI parameters between older and younger adults: the causal prior p common , standard deviation of the spatial prior σ P , standard deviation of the auditory noise σ A , and standard deviation of visual noise for each of the three visual reliability levels σ V1 , σ V2 , and σ V3 . BF 01 quantifies evidence for the null hypothesis that there is no difference between groups relative to the alternative hypothesis; BF 10 quantifies the evidence for the alternative hypothesis that the groups differ relative to the null-hypothesis. A Bayes factor > 3 is considered positive evidence. Reaction times (across subjects' mean ± SEM, solid lines) (pooled over response) in common-source judgement task.
Speeded ventriloquist paradigm -auditory and visual left/right discrimination (implicit causal inference)
The speeded ventriloquist paradigm assessed how older and younger adults integrate AV signals into spatial responses under time pressure. For GLM-based (ANOVA) analysis, trials were pooled over left and right locations (instead characterised as spatially congruent or incongruent). Accuracy was quantified as the proportion of correct localisation responses per condition. See Figure 4 for a summary.
For auditory responses, a 2 (age) x 2 (congruence) mixed ANOVA on performance accuracy showed that participants were significantly less accurate when locating incongruent than congruent audiovisual stimuli (i.e. main effect of congruency). However, we did not observe any main effect of age or any interaction between age and congruency.
A 2 (age) x 2 (AV congruence) mixed ANOVA revealed a main effect of age, confirming that older participants reacted more slowly overall. Importantly, we also found an interaction between the effects of age and congruence, indicating that older participants' response times were more affected by audiovisual spatial (in)congruence than younger adults. Further, we observed a main effect of congruence: participants were generally faster when the visual distractor was spatially congruent with the auditory target.
For visual responses, 2 (age) x 2 (AV congruence) mixed ANOVAs on performance accuracy and response times showed that participants were again significantly more accurate and faster on congruent than incongruent trials. Further, older participants were more accurate overall.
See Supplementary Table S7 for more details.
Compatibility bias model -Speeded ventriloquist paradigm
A compatibility bias model was fitted to participants' auditory spatial discrimination responses and reaction times; this allowed us to characterise how younger and older observers accumulate audiovisual evidence about spatial location and audiovisual congruency until a decisional threshold is reached. Fitted parameters were compared using separate Mann-Whitney U tests and a Bayesian equivalent. See Supplementary Table 2 for a summary of results.
Corroborating the findings of the BCI model of unspeeded spatial localisation, the age groups did not differ in their prior tendency to integrate multisensory stimuli, characterised in this case by the 26 parameter β. The groups did not differ either in the reliability of visual input σ V . However, the remaining three parameters were significantly different between the groups. First the non-decision time t nd , which captures the time between a decision is made and the response given, was significantly higher for the older age group. This is unsurprising, and consistent with the reduced motor speed seen for older adults in the finger tapping task. Second, older adults also set their decision threshold q significantly higher, requiring more evidence before deciding on a response. This is consistent with the increase in performance accuracy for older adults in the cued Eriksen flanker task. Third, and crucially, the auditory signal (σ A ) was significantly noisier in older than younger adults, leading to a slower accumulation of evidence and thus slower response times (in combination with the motor slowing and higher decision threshold). This indicates that it takes older participants longer than their younger counterparts to reach any given level of evidence about the location of an auditory stimulus. See Figure 5A for an illustration of the model. 
Discussion
This study investigated how older and younger adults solve the two computational challenges facing the brain in an uncertain multisensory world: i. causal inference and ii.
reliability-weighted integration. To determine the role of sensory acuity and selective attention or executive functions (Tsvetanov et al., 2013) in these multisensory computations, we assessed participants' auditory and visual reliability and biases in spatial localisation, as well as their attentional/executive functions (as measured by a cued Eriksen flanker task).
Surprisingly, the GLM analyses of common-source judgement and crossmodal bias responses, as an index of visual influence on observers' perceived sound location, suggested that older and younger adults are comparable in both their explicit (i.e. common source judgement) and implicit (i.e. spatial localisation) causal inference. As expected, greater spatial disparities and lower visual reliability levels led to decreases in crossmodal bias and the proportion of common-source judgements, but this pattern was similar between age groups. These findings were confirmed by our Bayesian Causal Inference analysis, which formally computed visual and auditory reliability and causal prior as parameters of the BCI model. Auditory and visual variance parameters were comparable across groups in the Bayesian inference model, a finding which dovetails closely with the results of our unisensory discrimination and localisation paradigms: the JND of the psychometric functions (i.e. spatial discrimination) and the RMSE of the linear regression (i.e. spatial localisation), as measures for sensory reliability, were similar between groups. Likewise, the causal prior parameter, which indexes a participant's prior tendency to bind signals and may be related to selective attention and executive functioning, was not affected by ageing. Again this converges with the results in our cued Eriksen flanker task, where older adults were actually more accurate than younger controls (for response times see below). Previous research on executive functions in Stroop or flanker tasks has shown age-related decline only inconsistently (e.g. Bugg et al., 2007 ; but see Dey & Sommers, 2015; Jennings et al., 2007) .
Potentially, these inconsistencies across the literature can be explained by sampling biases. For instance, our sample may be biased towards including higher-performing older adults who were able to maintain performance throughout a demanding multi-session study.
Our results so far therefore suggest that healthy ageing has negligible effects on how Setti et al., 2011) and to respond differently to McGurk-MacDonald stimuli (Sekiyama et al., 2014; Setti et al., 2013) .
Potentially, susceptibility to the sound-induced flash illusion is changed with age because it relies on precise representations of stimulus timing that have been shown to be impaired by ageing (Mazelová et al., 2003) . Ng and Recanzone (2017) provide a possible mechanism for this decline: a study of neural responses to simple stimuli in macaque primary auditory cortex found that aged monkeys showed firing patterns that were noisier (i.e. less temporally precise) and less selective than those seen in younger animals. Age-related differences in perception of
McGurk-MacDonald stimuli may also be due in part to impaired temporal perception, as the fine temporal structure of speech signals is an important cue for comprehension (especially in the context of competing noise; Moore, 2008). However, in this case the effect is likely to be compounded by reductions in speech comprehension that result from presbycusis that particularly affects higher sound frequencies (Pichora-Fuller & Souza, 2003) .
In contrast, the estimation and integration of spatial information along the azimuth does not rely to the same degree on fine temporal features of the stimuli, so impaired perception of these features may not have a strong impact on an observer's ability to determine the location of a signal. Indeed, the results of our unisensory spatial discrimination and localisation tasks demonstrate that older and younger adults obtain equally reliable spatial estimates, in both auditory and visual modalities. This is in agreement with previous work that showed limited age differences in localisation of transient broadband sounds and visual flashes along the azimuth (e.g. Dobreva et al., 2011; Otte et al., 2013) .
Our discussion of age differences in multisensory integration has thus far addressed only final response choices, ignoring reaction times, but our natural environment does not afford us 31 infinite time to react to multisensory stimuli. When we define and evaluate multisensory integration performance, it is therefore also important to consider the time taken to respond.
In fact, older adults were significantly slower to give both spatial localisation and common-source judgement responses in the unspeeded ventriloquist paradigm. While an overall response time increase in these tasks may be attributed to older observers' reduced motor speed (as measured in the finger-tapping task), the interactions between age, disparity, and stimulus reliability on common-source response times are less easily explained, as any impact of motor speed should be mainly additive. The profile of these interactions suggests that older adults responded disproportionately slower to more challenging multisensory stimuli (i.e. those with an ambiguous causal structure caused by small spatial disparity and/or unreliable stimuli), an interpretation that is reinforced by the presence of an interaction between age and stimulus congruence in the speeded simplified ventriloquist paradigm.
Critically, the classical Bayesian Causal Inference model cannot account for these reaction time interactions, as it only makes predictions about final response choices. We therefore adapted the compatibility bias model (Yu et al., 2009 ) to the speeded ventriloquist paradigm, where observers make binary left/right responses about auditory location as accurately and fast as possible. The compatibility bias model assumes that the observer accumulates auditory and visual evidence about the location of the reported stimulus, and about the causal structure of the signals, until a decisional threshold is reached and a response given. Predictions can thus be made jointly for observers' spatial choices and response times (in terms of the time until the decisional threshold has been reached, which can be dissociated from aging-related effects on motor speed that were explicitly modelled separately as non-decision time). The compatibility bias model thereby provides an important perspective on the dynamics of decision making within a trial. In contrast to the BCI model results, the compatibility bias analyses revealed that multisensory decision making is affected by ageing and slower in older relative to younger adults for three reasons. First, older adults have impaired motor speed, as indexed by the non-decision time variable and confirmed by the finger tapping task. Second, they use a higher response threshold, requiring a greater degree of certainty before a response is given. This is consistent with our findings of age-related accuracy increases in the cued Eriksen flanker task, and with previous 32 studies of age differences in speed/accuracy trade-off (Smith & Brewer, 1995; Starns and Ratcliff, 2010) . Third, the compatibility bias model analysis suggests that the auditory representations are less reliable (i.e. greater auditory variance) in older participants, such that evidence accumulates more slowly (see Figure 5) . In other words, the initial auditory representation may be noisier and less reliable for older adults, but they can achieve equal performance levels (in terms of final response) to younger participants by accumulating this noisy evidence for longer via internal feedback loops. It is important to note that neither classical non-dynamic models that rely on psychometric functions, nor the Bayesian causal inference model, revealed these differences in internal sensory noise because they only consider the final spatial representation that is mapped onto an observer's response. This illustrates how dynamic models that accommodate both reaction time and final response choices can provide critical new insights into evidence accumulation and perceptual decision making.
In conclusion, our results demonstrate that multisensory spatial localisation and causal inference is preserved in older adults. However, older observers only maintain this performance by accumulating noisier auditory information over a longer period of time. When combined with well-established changes in motor speed and speed/accuracy trade-off, this leads to significant and nonlinear age differences in reaction times to complex multisensory stimuli during spatial localisation.
